The combination of electromagnetically induced transparency (EIT) with the nonlinear interaction between Rydberg atoms provides an effective interaction between photons. In this paper, we investigate the storage of optical pulses as collective Rydberg atomic excitations in a cold atomic ensemble. By measuring the dynamics of the stored Rydberg polaritons, we experimentally demonstrate that storing a probe pulse as Rydberg polaritons strongly enhances the Rydberg mediated interaction compared to the slow propagation case. We show that the process is characterized by two time scales. At short storage times, we observe a strong enhancement of the interaction due to the reduction of the Rydberg polariton group velocity down to zero. For longer storage times, we observe a further, weaker enhancement dominated by Rydberg induced dephasing of the multiparticle components of the state. In this regime, we observe a non-linear dependence of the Rydberg polariton coherence time with the input photon number. Our results have direct consequences in Rydberg quantum optics and may enable the test of new theories of strongly interacting Rydberg systems.
The combination of electromagnetically induced transparency (EIT) with the nonlinear interaction between Rydberg atoms provides an effective interaction between photons. In this paper, we investigate the storage of optical pulses as collective Rydberg atomic excitations in a cold atomic ensemble. By measuring the dynamics of the stored Rydberg polaritons, we experimentally demonstrate that storing a probe pulse as Rydberg polaritons strongly enhances the Rydberg mediated interaction compared to the slow propagation case. We show that the process is characterized by two time scales. At short storage times, we observe a strong enhancement of the interaction due to the reduction of the Rydberg polariton group velocity down to zero. For longer storage times, we observe a further, weaker enhancement dominated by Rydberg induced dephasing of the multiparticle components of the state. In this regime, we observe a non-linear dependence of the Rydberg polariton coherence time with the input photon number. Our results have direct consequences in Rydberg quantum optics and may enable the test of new theories of strongly interacting Rydberg systems.
PACS numbers: 32.80.Ee,42.50.Nn, 42.50.Gy The possibility to control the interaction between photons provided by highly nonlinear media is a key ingredient to the goal of quantum information processing (QIP) using photons and a unique tool to study the dynamics of many-body correlated systems [1] . Many different systems showing high nonlinear optical response at the single-photon level have been studied during the past years ranging from resonators coupled to single atoms [2] [3] [4] [5] [6] , atomic ensembles [7] , to artificial two-level atoms [8, 9] .
A promising strategy to perform different QIP tasks using photons as carriers is the combination of electromagnetically induced transparency (EIT) [10] [11] [12] [13] and Rydberg atoms [14] (see for example ). Using EIT one maps the state of the photons into atomic coherence in the form of Rydberg dark-state polaritons (DSPs) by means of an auxiliary coupling field. The strong Rydberg dipole-dipole (DD) interaction between neighboring excitations shifts the multiply-excited states from being resonantly coupled when these excitations are closer than a certain length called the blockade radius, r b [25] . This way, only a single excitation can be created inside of a blockaded volume of the atomic cloud (so-called superatom). This phenomenon, known as Rydberg blockade, has been used in combination with EIT to generate quantum states of light [27] [28] [29] , single-photon switches and transistors [30, 31, 33, 34] as well as a π phase shift controlled with single-photon level pulse [36] . These experiments typically require very high atomic densities and high-lying Rydberg states. By switching off and back on the coupling field, photons can be stored as Rydberg excitations and retrieved at later time [26, 29] . In this case the DD interaction dephases the collective emission of the multiparticle components of the stored photonic states [37, 38] . This feature was used to implement a deterministic single-photon source [26] .
The key point of all these experiments is the strong nonlinear response arising from the DD interaction between high-lying Rydberg states. In the present paper, we experimentally demonstrate that storing the input photons as Rydberg excitations strongly enhances the nonlinear interaction when compared to the propagation case. The profound difference between propagating and storing Rydberg DSPs and its application in many-body Rydberg physics and QIP has been recently theoretically discussed [37, 39] . We show experimentally that the underlying many-body dynamics of strongly interacting DSPs during storage is characterized by two different time scales. A strong enhancement of the interaction happens at time scales shorter than what can be measured in this experiment. At longer time scales, the dynamics is dominated by the dephasing of multiparticle components of the input states. We confirm the latter by measuring for the first time the nonlinear dependence of the coherence time of stored Rydberg DSPs with respect to the input photon number [38] . Our results have a direct consequence in Rydberg quantum optics, demonstrating that the regime of strongly interacting DSPs required in most of the protocols can be achieved by storing the the light even for a very short time. Moreover our experiment is a step forward in understanding the complicated many-body physics of the strongly interacting DSPs during storage [39] .
Our measurement can be summarized as follows: we send coherent probe pulses with varying intensity and measure the number of emerging photons in the slowlight and in the storage case. The Rydberg DD interaction causes a non-linear input-output intensity relation, eventually leading to the saturation of the output photon number. Stronger, non-linear interactions lead to a reduction of the maximum number of photons sustained by the medium [31] . In a first experiment, we measure N max , the saturation plateau normalized by the linear process efficiency, T . We show that storage leads to a strong suppression of N max compared to the slow-light case, thus demonstrating a strong enhancement of the Rydberg mediated photon interaction. The dependence of N max on the storage time t s shows that strong suppression happens at a short time scale. In a second experiment, we measure the coherence time of the storage process as a function of the input photon number. We show that higher intensity input fields suffer from stronger dephasing due to the Rydberg DD interaction.
Experiment
In Fig.1 a schematic of this system is shown. We probe a cold cloud of 87 Rb atoms using 780 nm light (E) with a detuning δ with respect to the |g ↔ |e transition, where |g = 5S 1/2 , F = 2 and |e = 5P 3/2 , F = 2 . The atomic sample is obtained using a magneto-optical trap, which generates a cloud of size σ ∼ 0.8 mm with a peak density ρ 0 = 3.2 · 10 10 cm −3 , and a temperature T ∼ 87.5 µK (measured by fluorescence imaging). A strong coupling field at 480 nm light is sent counterpropagating with respect to the probe. Using an excited-state locking scheme [41] , we lock the coupling beam resonantly to the |e ↔ |r = nS 1/2 transition, where n is the principal quantum number. The probe and coupling laser fields are focused to waist radii (w p , w c ) ≈ (7 µm, 13 µm). This geometry gives ≈ 3.9 × 10 4 atoms in the interacting region. The optical depth (OD) of the cloud and the coupling Rabi frequency Ω c are extracted by fitting the transmission of the probe as a function of the probe detuning δ with respect to the 5S 1/2 , F = 2 ↔ 5P 3/2 , F = 2 transition using the model presented in [40] . We set them to be OD ∼ 6.2 and Ω c = (4.38 ± 0.04) MHz (see Fig.1(c) ). The probe and the coupling beam are opposite circularly polarized [42] and the magnetic field is set to zero at the position of the cloud [43] . When δ = 0 the presence of the coupling field converts the probe photons into propagating Rydberg DSPs [11] [12] [13] . These DSPs travel at reduced group velocity
, where g is the coupling strength between the probe and the |g ↔ |e transition [11, 44] . By adiabatically switching off the coupling beam we store the state of the input field as an atomic coherence. The stored excitation is retrieved after a storage time t s by switching the coupling beam back on.
We send a Gaussian, coherent probe pulse with a duration of 410 ns (FWHM in ) and average number of photons N in through the cold atomic gas. The light is detected after the ensemble with a single-photon APD and the counts are background subtracted and corrected for detection efficiency. Initially we calibrate N in by measuring the transmitted pulse without loading the atoms. Then we measure N out either when the probe pulse propagates as slow Rydberg DSPs or when they are stored in the nS 1/2 state (see Fig.1(e) ). In the absence of Rydberg interaction, the average number of photons N out in the emerging pulse increases linearly with N in , N out = T N in . Here T < 1 represents imperfect process efficiency. During slow-light propagation, this is caused by the decoherence of the ground Rydberg transition, which includes the natural lifetime of the Rydberg state, atomic collisions, coupling with external fields and laser linewidth. The storage process efficiency is further limited by imperfect pulse compression inside the medium (due to low OD) and by the dephasing of the collective state during the storage time, which is dominated by coupling with external fields and atomic motion. When the number of input photons is increased a nonlinear dependence arises, eventually leading to saturation of N out . To quantify the effective interaction we fit our data with the model pro- posed in [31] . In that model the input-output relation is described by:
where T represents the linear efficiency of the process at low photon number and N max is the maximum number of photons that can emerge from the medium when unitary efficiency T = 1 is considered. As explained in [31] , N max decreases for stronger Rydberg interaction and can be used to quantify the effective blockade of the output field. Fig.1 (e) reports an example of the data for n = 70 together with the fit using Eq.(1). All the data presented in this manuscript can be found in [45] . In Fig.2 (a) a re-scaled efficiency η/T (being η = N out /N in ) is shown for the high-lying state 70S 1/2 at different storage times. The data show that η/T tails off at lower N in for longer storage times as a consequence of stronger nonlinearity. Similar data have been taken for a variety of Rydberg states (see e.g. Fig.2(b) for the results with t s = 400 ns) and the fit results are shown in Fig.3 . One could argue that saturation may arise as a result of medium saturation, when the density of photons and atoms inside the medium are comparable. However, in Fig.2(b) we observe that the response of the medium is linear (that is, the efficiency does not depend on N in ) at low-lying Rydberg states, where the interaction is negligible [46] .
In Fig.3 we show N max for different Rydberg levels, both in the slow-light or in the storage case. As expected, when n is increased N max is reduced, due to stronger Rydberg interaction. In the propagation case this can be understood as a consequence of the blockade effect. When the density of photons in the medium becomes compa-rable to the density of super-atoms ρ SA = 3/4πr 3 b , the medium saturates [52] . Since r b ∼ n 11/6 , this condition is reached at a lower number of photons for a higher Rydberg state. Following this, the maximum number of photons supported by the medium scales as N max ∼ n −11/2 . The inset in Fig.3 shows a fit for the slow-light case with the function N max = αn −γ which gives γ = 5.3 ± 0.2. When the probe pulse is stored, saturation occurs at a lower number of photons (an order of magnitude difference for t st = 2 µs), as shown in Fig.3 . Data show that N max is strongly reduced soon after storage is performed. The two time scales of the process are evident when noticing that even an exponential fit of N max in the storage case (dotted lines in Fig.3 ) fails to include the data of the slow-light case, represented by the t s = 0 ns points in Fig.3 . In the ideal limit of zero decoherence between the ground and the Rydberg state, the blockade radius increases without bounds when Ω c goes to zero, according to the naive formula for the blockade radius r b = 6 C 6 /δ EIT in terms of the EIT bandwidth δ EIT ∝ Ω 2 c and the van der Waals coefficient C 6 [39] . This is not consistent with our data nor with other experimental results [29, 53] . A recent description by Moos et al. [39] suggests that Ω c has to be replaced with Ω 2 ef f = g 2 ρ 0 + Ω 2 c upon storage. According to this new description, the blockade radius during storage becomes r b = 6 C 6 Γ/g 2 ρ 0 . As a consequence, the blockaded volume would not increase significantly during the storage process and it could not be used to understand the data. Nevertheless Moos et al. suggest that the strongly interacting regime is achievable when the ratio between the Rydberg interaction and the kinetic energy of the DSP is strongly increased; this regime is achieved during the storage process when v g is reduced to zero. This theory also suggests other specific effects (such as a quasicrystalline density of stored photons) which are interesting but not within the reach of our current setup.
At longer time scales, the Rydberg DD interaction acts as an extra source of dephasing for the many-body components of the stored DSP effectively blocking the collective emission of such components in the retrieved mode. This effect [37] has been observed before and it has been exploited to generate single photons deterministically [26, 38] . Here we show the first detailed timedependent study. We measure the storage efficiency η versus the storage time t s for a variety of input photon numbers N in . The inset of Fig.4 reports an example of the efficiency data for the 70S 1/2 state for two different N in . We extracted the 1/e coherence time τ by fitting η(t s ) with a model shown in [46] . The results are summarized in Fig.4 where we show how τ depends on N in for two different Rydberg states 60S 1/2 and 70S 1/2 . At low photon numbers, we observe larger dephasing at higher principal quantum number, likely due to stray external electric field [46] . At higher N in , the interaction between Rydberg states introduces another source of de- phasing, resulting in a reduction of τ . Both Rydberg states show similar dependence of τ (when normalized at a low number of photons, as shown in Fig.4 ) with respect to N in . At first surprising, this result can be understood by noticing that the system starts to evolve from a partially blockaded configuration, contrary to the situation studied in [26, 37] . Following theory presented in [37] , the interaction between Rydberg states induces a phase shift on the m-body component of the storage state φ µ1...µm = −t 1 i<j m V µiµj / . Here V µiµj is the the Van der Waals potential describing the interaction between two Rydberg excitations µ i and µ j , which is strongly state dependent. Nevertheless, due to the blockade effect, two excitations cannot be closer than r b . At this distance, the dipole potential is fixed by the EIT linewidth: V (r b ) = δ EIT . Since δ EIT is similar in the two Rydberg states considered in our experiment, we expect both states to present similar dephasing rates. For the non-interacting case (n = 26) we do not observe any changes of τ as a function of N in [46] .
Conclusions We have performed the first extensive measurement of the dynamics of stored Rydberg DSPs. Our data clearly demonstrate that storing photons as a Rydberg DSP enhances the Rydberg mediated interaction when compared to the slowly propagating case. This result may open the door to obtaining strong photonphoton interactions at moderate atomic densities and lower Rydberg states. Our results, combined with efficient storage [49, 50] , would facilitate photonic QIP using Rydberg atoms by relaxing the stringent requirements of high densities [51, 54] and high Rydberg levels to enhance the interactions between polaritons. We have discussed the many-body dynamics of the process, showing that two different time scales are present. We suggest that a recent theory proposed by Moos et al. in [39] might explain our results at short time scales. At long time scales, we have presented the first time-dependent measurement of the dephasing induced by the Rydberg DD interaction and we have shown its clear dependence on the input photon number. In the future, our data might allow to test more detailed models of interacting Rydberg DSPs, shedding light on the strongly interacting many-body physics with Rydberg atoms. On the experimental side, reducing the lasers linewidth and the cloud temperature would enable the study of the dephasing at longer storage times and at higher Rydberg levels. Finally, these results can be extended to show nonlinearities at the single-photon level by increasing the density of the cloud and by reducing the size of the sample. 
SUPPLEMENTAL MATERIAL FOR STORAGE ENHANCED NONLINEARITIES IN A COLD ATOMIC RYDBERG ENSEMBLE RYDBERG EIT IN THE BLOCKADED REGIME
When performing EIT experiment involving Rydberg states, one observes a reduction of the transparency peak as a function of the input photon rate due to the Rydberg blockade effect. The blockade mechanism can be distinguished from other mechanisms (such as dephasing or ion-formation) by looking at the characteristics of the EIT transparency peak at different photon rates.
In this section we show the results of our EIT experiment varying the input photon rate when the coupling beam is tuned to the 5P 3/2 → 60S 1/2 transition, similarly to what has been shown in [25] . In order to extract the resonance frequency and the width of the EIT peak, we fit the data of the transmitted probe photon as a function of the probe detuning δ with respect to the transition 5S 1/2 → 5P 3/2 with the function
where δ 0 is the EIT peak resonance frequency, T 0 is the transmission at δ = δ 0 , ∆ EIT is the full width at half maximum of the EIT peak and T 2L (δ) is the transmission as a function of the probe detuning δ for a two-level system, defined as:
where now OD is the optical depth and Γ is the natural linewidth of the 5S 1/2 → 5P 3/2 transition.
As shown in Fig. S5 , we observe that δ 0 and ∆ EIT remain constant with increasing photon numbers. This is consistent with the observation of Rydberg blockade in our (large) sample [25, 47] .
For low-lying Rydberg states we expect dipole-dipole interactions to be irrelevant at typical interatomic distances for our density. This implies that both slow-light propagation and storage are linear processes, and no saturation should be present. In Fig. S6 we show N out as a function of N in for the Rydberg state 26S 1/2 both for the slow-light case and for different storage time. Our data show clearly a linear input-output relation for this level and no saturation either for the slow-light case and for all the storage times considered.
At higher input photon numbers, it might be possible to observe saturation when the number of photons in the medium is comparable to the number of atoms which is of the order of few 10 4 in our interaction region. Since the dipole-dipole interaction are negligible for low-lying states, we do not expect to see any input number of photon dependence of the coherence time, τ . This is indeed the case, as we show in Fig. S7 . Following up the discussion in the last paragraph of the main text, for low lying Rydberg states the density of photons is lower than the density of super-atoms for the parameters range considered in the experiment. In this case the average distance between the stored Rydberg excitations, r , would be r r b , therefore V (r ) δ EIT and no Rydberg induced dephasing is expected.
LINEAR EFFICIENCY, T For deterministic photonic QIP, one requires an efficient and coherent mapping between light and a material which enables strong and controllable interactions among photons. In the main text of the paper we have rescaled the efficiencies by the linear efficiency, T, for the sake of highlighting the effects of the nonlinearity; here we present a longer discussion of the linear efficiency in the storage process.
In our experiment, the aforementioned mapping between light and our cold atomic ensemble -EIT storage -is characterized by the linear efficiency, T = lim
Nin→0
N out /N in , which is limited by the optical depth of our cloud and by other sources of dephasing, such as the motion of the atoms, laser linewidth and stray fields. In particular, the dephasing limits the maximum achievable transparency on resonance and broadens the EIT peak. Together with finite OD, this diminishes the capability of fully compress the pulse inside the atomic cloud when performing storage (see [48] ), limiting T at short storage time. In turn, the decay of the linear efficiency over time (τ at low N in in Fig. 4 of the main text) is set by the dephasing only, which is dominated by stray fields in our experiment.
In Fig. S8 we show the linear efficiency T for the 70S 1/2 state for the cases shown in Fig. 2 of the main text. In our experiment, T at short storage time is mostly limited by the OD. At higher OD, efficiencies near unity are possible albeit challenging [49, 50] . At longer storage time the decay of the efficiency is fundamentally limited by half of the lifetime of the Rydberg state, Γ r /2, which increases with increasing principal quantum number as τ ∝ n 3 . This limit might be approached in future experiment by compensating for stray fields, and by limiting the motion of the atoms using standard cooling and trapping techniques, such as an optical lattice.
Another limitation to T, either in the slow-light case and in the storage case, is the finite EIT transmission at the resonance frequency, T 0 in Eq. (2). In order to compare different Rydberg states with similar condition, we maintained the coupling Rabi frequency Ω c constant for the whole data set, resulting in a roughly constant T as a function of the principal quantum number n. This is shown in Fig. S9(a) where T as a function of n is plotted for the same set of data as in Fig. 2(b) .
Maintaining Ω c constant is achieved at cost of increas-ing the coupling laser power P c . Ω c is proportional to the dipole matrix element d n of the 5P 3/2 → nS 1/2 transition which scales as d n ∼ (n * ) −3/2 , where n * is the principal quantum number corrected by the quantum defect theory. As results, the power needed to keep Ω c constant scales as P c ∼ (n * ) 3 . We explicitly show this in Fig. S9(b) , where the data of the power used for the coupling laser are plotted as a function of n. A fit with the function P c = α(n * ) β gives β = 2.74 ± 0.14, with n * = n − δ 0 − δ 2 / (n − δ 0 ) 2 , where δ 0 = 3.1312 and δ 2 = 0.1787.
In the paper we show that it is possible to enhance the non-linearity by performing storage. This only requires control of the dephasing sources and a high OD for an efficient light-matter coupling. In contrast, typical protocols using Rydberg polaritons require high OD per blockade (OD b ) to implement strong photon-photon interactions. High OD b can be achieved at high density of the atomic cloud and at high principal quantum number. However at high OD b the interaction between the external Rydberg electron and the surrounding atoms acts as an additional source of decoherence [51] . Moreover, as shown in Fig. S9(b) , reaching high n might be experimentally challenging. From one side, the finite power of the coupling laser might be a limitation and from the other side -as shown also in the next section -higher energetic Rydberg states are more affected to coupling with external stray fields, which would limit the fidelity of the photon-photon interaction. 
COHERENCE TIME
In this section we overview the model that we employed to extract the coherence times τ in Fig. 4 of the main text.
We measured the storage efficiency η as a function of the storage time t s for different N in and for two Rydberg states 60S 1/2 and 70S 1/2 . For low N in the Rydberg dipole-dipole interaction is negligible. In this case, the decay of η is due to other sources of dephasing, as atomic motion and stray fields. We observe an exponential decay of η for both Rydberg states (see Fig. S10 ) which suggest that atomic motion due to finite temperature is not our main source of dephasing.
The storage efficiency for the state 60S 1/2 presents oscillations at a frequency ∆F = 231 ± 1 kHz. We attribute this oscillations to the hyperfine splitting of the Rydberg states. Due to our finite laser linewidth, we excite both hyperfine states 60S 1/2 , F = 1 and 60S 1/2 , F = 2 which are separated by ∆F theo = 182.1 kHz. To include this in our model we fit η with the function η = η 0 e −ts/τ p F=1 + (1 − p F=1 )e −2π∆F ts 2
where p F=1 is the probability to excite the 60S 1/2 , F = 1 state. From the fit we can extract τ as well as η 0 and ∆F . We attribute the difference between ∆F and ∆F theo to undesired external electric field. The coherence time that we observe for the 70S 1/2 states at low N in is 1.85 times shorter than for the 60S 1/2 state. This might be attributed to external electric field which affects more the coherence time of higher energetic states, since the polarizability scales as α ∼ (n * ) 7 . Due to shorter coherence time, oscillations can not be observe for the 70S 1/2 state in our experiment, therefore the storage efficiency display a simple exponential decay as η = η 0 exp(−t s /τ ).
